The role of calcium ions (Ca 2+ ) as a ubiquitous cellular messenger in animal and plant cells is well established (Berridge et al., 2000; Sanders et al., 2002; Ng and McAinsh, 2003 channels that control the entry of Ca 2+ into the cytosol (Piñeros and Tester, 1995, 1997; Thion et al., 1998; Kiegle et al., 2000a; White et al., 2000; Demidchik et al., 2002; Miedema et al., 2008) .
On the other hand, the OFF switches consist of a family of Ca 2+ -ATPases and Ca 2+ /H + exchangers in the plasma membrane or endomembrane that remove Ca 2+ from the cytosol bringing the [Ca 2+ ] cyt down to the initial resting level (Lee et al., 2007; Li et al., 2008) .
The numerous cellular processes regulated by Ca 2+ have led investigators to ask how specificity in Ca 2+ signaling is maintained. It has been proposed that specificity in Ca 2+ signaling is achieved because a particular stimulus elicits a distinct Ca 2+ signature, which is defined by the timing, magnitude, and frequency of [Ca 2+ ] cyt changes. For instance, tip growing plant cells such as root hairs and pollen tubes exhibit oscillatory elevations in [Ca 2+ ] cyt that partly mirror the oscillatory nature of growth in these cell types (Monshausen et al., 2008; Cárdenas et al., 2008) .
Another example is nuclear Ca 2+ spiking in root hairs of legumes exposed to NOD factors (Oldroyd and Downie, 2006; Peiter et al., 2007) . Recently, it was shown that mechanical forces applied to an Arabidopsis root can trigger a stimulus specific [Ca 2+ ] cyt response (Monshausen et al., 2009) . Translating the Ca 2+ signature into a defined cellular response is governed by a number of Ca 2+ -binding proteins such as calreticulin that act as [Ca 2+ ] cyt buffers, which shape both the amplitude and duration of the Ca 2+ signal or Ca 2+ sensors such as calmodulin that impact other downstream cellular effectors (Berridge et al., 2000; White and Broadley, 2003; Hepler, 2005) .
A deeper understanding of Ca 2+ signaling mechanisms in plants has been driven in large part by our ability to monitor dynamic changes in [Ca 2+ ] cyt in the cell. Such measurements have been conducted using Ca 2+ sensitive fluorescent indicator dyes (e.g. Indo and Fura), the 6 luminescent protein aequorin (Knight et al., 1991 (Knight et al., , 1996 Wymer et al., 1997; Legué et al., 1997; Cárdenas et al., 2008) and more recently the yellow cameleon Ca 2+ sensor, a chimeric protein that relies on fluorescence resonance energy transfer (FRET) as an indicator of [Ca 2+ ] cyt changes in the cell (Allen et al., 1999; Qi et al., 2006; Tang et al., 2007; Miwa et al., 2006; Haruta et al., 2008) . The yellow cameleon (YC) reporter is composed of cyan fluorescent protein (CFP), the C terminus of calmodulin (CaM), a glycine-glycine linker, the CaM-binding domain of myosin light chain kinase (M13) and a yellow fluorescent protein (YFP) (Miyawaki et al., 1997 (Miyawaki et al., , 1999 .
The increased interaction between M13 and CaM upon binding of Ca 2+ to CaM triggers a conformational change in the protein that brings the CFP and YFP in close proximity, resulting in enhanced FRET efficiency between the two fluorophores (Miyawaki, 2003) . Thus, changes in FRET efficiency between CFP and YFP in the cameleon reporter are correlated with changes in [Ca 2+ ] cyt.
Since it was first introduced, improved versions of the cameleon reporter have been selected to more accurately report [Ca 2+ ] cyt levels in the cell. For instance, the YC3.60 version was selected because of its resistance to cytoplasmic acidification and higher dynamic range compared to the earlier cameleons. The higher dynamic range of YC3.60 is due to the use of a circularly permutated YFP called Venus (cpVenus) that is capable of absorbing a greater amount of energy from CFP (Nagai et al., 2004) . Recently, the utility of YC3.60 for monitoring [Ca 2+ ] cyt was demonstrated in Arabidopsis roots and pollen tubes using ratiometric imaging approaches (Monshausen et al., 2007; Haruta et al., 2008; Monshuasen et al., 2008; 2009; Iwano et al., 2009 ). Here we further evaluated YC3.60 as a [Ca 2+ ] cyt sensor in plants using confocal microscopy and FRET sensitized emission imaging. Unlike the direct ratiometric measurement of cpVenus and CFP reported in previous studies using YC3.60 expressing plants (e.g. Monshuasen et al., 2008; 2009) , the sensitized FRET approach we describe in this paper involves the use of donor (CFP) and acceptor (YFP) only controls allowing us to correct for bleed through and background signals from the FRET specimen (van Rheenen et al., 2004; Feige et al., 2005) . caused a decrease in [Ca 2+ ] cyt in plants (Jones et al., 1998b; Kawano et al., 2004) , and others demonstrated elevated [Ca 2+ ] cyt upon Al 3+ treatment (Nichol and Oliveira, 1995; Lindberg and Strid, 1997; Jones et al., 1998a; Zhang and Rengel, 1999; Ma et al., 2002; Bhuja et al., 2004 ] cyt . We first tested whether we could detect global Ca 2+ -dependent FRET efficiency changes in a region of the root located 200 to 400 μm from the root cap junction (RCJ) ( Fig. 1A ; white rectangular box). This region of the root has been referred to as the distal elongation zone or transition zone, and is one of the proposed four distinct zones in the Arabidopsis primary root that has characteristic cellular activities (Verbelen et al., 2006) . We chose this region for our initial Ca 2+ -dependent FRET efficiency measurements because it has been shown to be the most responsive to various environmental stimuli (Baluška et al., 2001; Verbelen et al., 2006 ] cyt signature that was biphasic (i.e. it had two peaks; Fig. 2B,C) . The magnitude of the two peaks varied from root to root such that peaks were either unequal in height (Fig. 2B ), which occurred in most of the roots with a biphasic response (31%), or roughly similar in height (28%; Fig. 2C ] cyt increase started at 66.0 ± 6.9 s after Al 3+ application and the first peak reached a maximum at 186.5 ± 6.9 s (values are means ± SE from 55 roots).
Imaging of FRET Sensitized Emission Allows Monitoring of [Ca

2+
] cyt Changes in Different
Root Zones
We extended our sensitized FRET efficiency imaging to the meristem (0-100 μm from the RCJ), root cap and maturation zone to determine whether cells in these different zones also exhibited a [Ca 2+ ] cyt increase in response to the compounds tested (see Fig. 1A ; Verbelen et al., 2006) . We found that cells in the meristem and cap displayed a Ca 2+ -dependent increase in FRET efficiency in response to Glu and ATP that had similar shapes as those observed in the transition zone (Fig. 3A, B) . The meristem and root cap exhibited an almost simultaneous elevation in [Ca 2+ ] cyt upon Glu treatment but the magnitude of FRET efficiency increases was lower in the cap (Fig. 3A) . The rise in [Ca 2+ ] cyt in the cap started at 16.33 ± 2.29 s, whereas in the meristem this increase occurred at 15.0 ± 1.67 s (values are means ± SE, n = 10). On the other hand, the [Ca 2+ ] cyt increase in the cap after ATP application was slightly delayed compared to Glu application and the magnitude of the response was also lower compared to that of the meristem (Fig. 3B) ] cyt peak was narrow followed by a second peak, which was broader compared to the second peak observed in the transition zone (compare Fig. 3F was longer in the maturation zone than in the transition zone, meristem and root cap. increases prompted us to probe further into the reasons behind this variability. Our initial experiments were conducted with a 63X objective with a confocal zoom setting of 2.0. With such settings, we were only able to acquire data from a 100 μm longitudinal area of the root. To improve our spatial resolution and ask whether a particular [Ca 2+ ] cyt signature was associated with a more defined area of the transition zone, we used a 20X objective with a confocal zoom of 1.0. At this magnification we were able to acquire data that covered the apical 500 μm of the primary root tip, which encompassed the cap, meristem, transition zone and a zone before the initiating root hairs, which is likely the zone that Verbelen et al. (2006) refer to as the fast elongation zone. At this low magnification setting, we found that the biphasic [Ca 2+ ] cyt rise after Al 3+ treatment was primarily associated with the region of the root that was about 300-500 μm from the RCJ (Fig. 5A ). ] cyt in the root transition zone (Supplemental Fig. S4A ). When Al 3+ was added to CaCl 2 pretreated roots, we observed a rapid increase in [Ca 2+ ] cyt that remained elevated throughout the 10 min sampling period (Supplemental Fig. S4B ).
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These results indicate that roots have a mechanism to prevent Ca 2+ influx into the cytosol despite high Ca 2+ in the external medium, which is altered by Al 3+ application. ] cyt that was sustained throughout the entire 10 min sampling period (Fig. 8H) Arabidopsis primary roots growing unperturbed on the coverslip system for 10 min elongated at a rate of 2.50 ± 0.17 SE µm min -1 (n = 11). When treated with 1 mM Al 3+ , the growth rate dropped to an average of 1.46 ± 0.20 SE µm min -1 (n = 11) for the next 50 min of imaging (Supplemental Fig. S5A ). We also monitored the growth kinetics of alr104 and als3-1 lines expressing YC3.60. The growth rate of untreated alr104 and als3-1 was 3.08 ± 0.40 SE µm min -1 and 2.30 ± 0.37 SE µm min -1 (n = 6), respectively. Upon application of 1 mM Al 3+ , the growth rate of alr104 and als3-1 dropped to an average of 1.62 ± 0.1 SE µm min -1 (n = 6) and 1.09 ± 0.07 SE µm min -1 (n = 6) respectively during the next 50 min of imaging (Supplemental Fig.   S5A ). Based on analysis of variance (ANOVA), these growth rates were not statistically different among the three genotypes. However, two-sample t-tests show that there were statistical differences between the growth rates before adding Al 3+ (0-10 min interval) and after (10-60 min interval) in all three genotypes.
For long term Al 3+ exposure growth assays, we followed the protocol of Sivaguru et al. Fig. S5B ). The differences in growth were statistically significant at α = 0.05 as determined by the Duncan's multiple-comparison test. Thus, these data indicate that differences in growth among the three genotypes are most strongly manifested after long-term exposure to Al 3+ and that expressing the YC3.60 in the mutant backgrounds did not alter the tolerance or sensitivity nature of these plants to Al 3+ .
DISCUSSION
In this investigation, we employed a preloaded application wizard from the Leica TCS SP2
AOBS confocal microscope to monitor Ca 2+ -dependent FRET efficiency in Arabidopsis primary roots expressing the YC3.60 sensor. The Leica application wizard takes into account spectral bleed-through (i.e. the amount of light detected in the FRET channel that is not due to energy transfer) and normalizes for differences in donor and acceptor levels ( ] cyt -dependent FRET efficiency oscillations in growing root hair tips (Supplemental Fig. S1 ; Supplemental Movie S1). We were also able to elicit [Ca 2+ ] cyt -dependent FRET efficiency changes in root cells after treatment with Glu and ATP, two compounds that are known to cause rapid spikes in [Ca 2+ ] cyt in plant cells (Fig. 1) treatment generally begins in the maturation zone and propagates toward the root cap (Fig. 4) .
The manner of propagation of the [Ca 2+ ] cyt response is distinct from that elicited by ATP or Glu (Fig. 4) and Glu treated roots (Fig. 4) Fig. S3B ) might be indicative of responses of non-growing cells like those observed in the mature zone or differential effects on specific cell types (Fig. 3, 6 ). ] cyt changes were first initiated in the maturation and elongation zone, which are less sensitive to Al 3+ compared to the transition zone (Sivaguru and Horst, 1998; Illéš et al., 2006 ). This notion is further supported by the fact that alr104 and als3-1, mutants that were previously shown to be resistant and sensitive to Al 3+ , respectively (Larsen et al., 1998; 2005) , displayed the same [Ca 2+ ] cyt responses to all three trivalent cations as wild-type seedlings (Fig. 9) . The als3-1 mutant, which is disrupted in a gene that encodes a phloem localized ABC-like transporter was only hypersensitive to Al 3+ but not to La 3+ (Larsen et al., 1998) 
MATERIALS AND METHODS
Preparation of Plant Material
Surface sterilization and planting of transgenic Arabidopsis thaliana seeds (Columbia ecotype) was conducted as described by Wang et al. (2004) . The seeds were planted on sterile 48
x 64 mm cover slips layered with 2 mL 0.5% NuSieve agarose (FMC BioProducts, Rockland, ME) containing half-strength Murashige and Skoog salts (MS; Caisson Laboratories) and vitamins. The cover slips were placed inside square Petri dishes and placed in a growth chamber at 24ºC and 40% humidity with a 16 h light (124 µE m -2 s -1 ) and 8 h dark cycle for 3 to 4 days.
The Petri dishes were vertically positioned to promote root growth along and against the cover slip (Wang et al., 2004).
Sub-cloning of the YC3.60 Cameleon and Arabidopsis Transformation
The plasmid pcDNA3 containing the gene YC3.60 (Gene Bank Accession number AB178712) was kindly provided by Dr. Atsushi Miyawaki (Riken, Brain Science Institute, Japan). The pcDNA3 plasmid was cut with EcoR I (New England BioLabs, Ipswich, MA) and the recessed 3' ends filled-in using the large Klenow fragment (Promega, Madison, WI) of the DNA Pol I. The linearized plasmid was purified using a PCR purification kit (Qiagen, Valencia, CA), and then digested with Nco I (New England BioLabs, Ipswich, MA). The products were separated by 1% agarose gel electrophoresis and the YC3.60 construct was recovered from the gel and purified using a Qiagen gel purification kit. YC3.60 construct was sub-cloned into the Nco I/Pml I cloning sites of the plant binary vector 35S/pCambia 1390 using standard protocols. Exogenous application of chemicals did not affect the focus of the roots during imaging since roots were securely anchored on the agarose that coated the coverslips. In cases where the root drifted slightly, focus was restored by quickly rotating the fine adjustment knob of the microscope. Roots that drifted significantly during imaging were not included in the analysis.
Because the spectra of CFP and YFP overlap, the sensitized emission must be corrected for bleed-through of the emission of the donor (CFP) into the acceptor (YFP or cpVenus) channel and for direct excitation of YFP during the excitation of CFP (van Rheenen et al., 2004; Feige et al., 2005) . Although bleed-through ratios are theoretical constant, they can vary with fluorophore intensities. Thus, corrections to account for bleed-through and for the differences in intensity between the donor and the acceptor must be performed.
The Leica application wizard for FRET sensitized emission imaging was used to make the necessary corrections. For this, Arabidopsis roots expressing YC3.60 and either CFP or YFP alone were used each time to obtain calibration images. To maintain consistency in imaging, calibration was done for each objective used (20X versus 63X) and root developmental region.
Also, new calibrations were always performed on the day of a new experiment (i.e. old calibration images from the previous day were not used for an experiment conducted on another day). In this procedure, an image of the root zone of interest expressing YC3.60 was acquired first. The image was taken after optimizing settings (pinhole, laser intensity, and photomultiplier gain) for the CFP, FRET and YFP channels. Then, images of reference roots (CFP and YFP alone) were obtained using the same settings and used to generate calibration coefficients. 
Root Growth Assessment and Statistical Analysis
For short term growth measurements, 4-day old seedlings of wild-type, als3-1 and alr104 expressing YC 3.60 were grown on agarose coated coverslips as described above. Time course of root growth was monitored using a Nikon Eclipse TE300 microscope equipped with a
Hamamatsu image processor CCD camera (Hamamatsu Photonics, Japan). Images were taken every 60 s for 60 min. Twenty-five microliters of 1 mM Al 3+ solution was applied at 10 min after starting the time course. Change in root elongation was measured from individual frames using 
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Supplemental Figure S1 . ] cyt response with a sharp peak and a second broader peak. Black arrows indicate time of chemical addition.
Bar in the insets = 20 μm. Values are means ± SE from at least three independent experiments. Number of replicates is in parenthesis. TZ, transition zone; MZ, maturation zone. 
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